Interactions of nuclear acids with cell membranes are at the heart of numerous biomedical and nanotechnological applications of DNA and DNA-based nanodevices. Despite enormous recent development in DNA nanotechnology, very little is known about DNA-membrane interactions at a molecular level. Here we employ biased atomic-scale computer simulations to calculate for the first time the free energy profile for partitioning a DNA molecule into a phospholipid bilayer, a system that is routinely used to mimic the properties of cell membranes. Our findings clearly show that a zwitterionic lipid bilayer represents a repulsive barrier for DNA: the potential of the mean force profile does not develop any local minima upon moving DNA from water into the lipid/water interface. This energetic barrier can be overcome e.g. via adsorption of divalent calcium ions on the surface of a lipid bilayer, which makes the lipid bilayer effectively cationic. Indeed, our biased molecular dynamics simulations confirm that the corresponding free energy profile for partitioning DNA into a lipid bilayer with adsorbed Ca ions is characterized by a deep minimum. Therefore, the bilayer-bound calcium ions can serve as a trigger of the electrostatic attraction between DNA and zwitterionic phospholipids. In addition, we performed a series of unbiased computer simulations for lipid bilayers with absorbed calcium ions and showed that the initial DNA binding is driven by an overall positive charge of the bilayer, while DNA is stabilized on the bilayer surface by Ca ions that laterally diffuse towards DNA to form tight bridges between phosphate groups of DNA and lipids. Overall, our computational findings contribute to a longstanding problem of interactions of charged nano-objects (such as DNA and DNA-base nanostructures) with cell membranes.
Introduction
Besides its biological function, DNA represents an important class of macromolecules with unique properties. In particular, DNA nanotechnology has attracted enormous attention in recent years due to the fact that DNA molecules, being highly specic in their hydrogen bonding, can serve as versatile building blocks for constricting programmable nanomaterials.
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Recent technological advances allow one to create 2D and 3D DNA-based molecular objects of almost arbitrary shapes.
2,3 A great advantage of such nanoscale objects is that they are essentially biocompatible and therefore can be used safely in natural biological systems. One of the well-known examples includes synthetic membrane channels made from DNA nanostructures. 4 Furthermore, DNA was successfully used to induce fusion of phospholipid vesicles 5, 6 and to modify adhesion properties of the cell membrane surface. 7 Interaction of DNA-based nanostructures with biological systems inevitably leads to interactions of DNA with the surface of cells -or more specically -with the lipid bilayer matrix of cell membranes. 8 This also highlights the importance of DNAlipid interactions for our understanding of the impact of nanomaterials on living matter. In principle, such interactions should be characterized by considerable energetic barriers due to the nature of both DNA and lipid molecules. Indeed, the interior of a phospholipid bilayer is essentially hydrophobic, while DNA is a highly charged (anionic) object. Correspondingly, it comes as no surprise that DNA does not adsorb on the membrane surface composed of zwitterionic (neutral) lipids as demonstrated earlier by several experimental studies.
9,10
To overcome the barrier in DNA-lipid interactions one can think of two different scenarios. First approach is related to chemical modication of DNA to make it compatible with the hydrophobic core of lipid membranes. To this end, DNA was conjugated with several molecules such as cholesterol, 11 porphyrin, 12 lipids, 6, 13 etc. The hydrophobicity of the molecules covalently linked to DNA and DNA-based nano-objects promotes attachment of DNA to lipid membranes.
Second approach is to invoke the electrostatic attraction between the lipid bilayer surface and DNA. Such an attraction is easily achieved in liposome-based delivery vectors through mixing zwitterionic (neutral) lipid species with synthetic cationic lipids.
14,15 However, this is not applicable to cell membranes as they mostly constitute of zwitterionic lipids (along with some amount of anionic ones). In this case the surface of a neutral lipid bilayer can be made positively charged through adding divalent cations (calcium or magnesium) to the system, thereby promoting electrostatic interactions of the membrane with anionic DNA molecules. 9, 10, 16, 17 Despite the importance of DNA-lipid interactions the precise molecular mechanism behind such interactions still remains obscure due to current limitations of experimental methods. Such a situation normally calls for computer modeling along with realistic models of high (atomistic) resolution. However, on a computational side, only a very limited number of related studies has been published. Bandyopadhyay et al. employed atomistic molecular dynamics (MD) simulations to study a complex of DNA with a mixed zwitterionic/cationic lipid bilayer. 18 Tarek et al. studied lipid bilayer systems with DNA/RNA but a primary focus was on electroporation phenomena. 19, 20 In addition to the above atomistic simulations, coarse-grained models were also used to explore the interactions of DNA with cationic 21, 22 and zwitterionic 21 lipid bilayers at the cost of ne atomic details and dipolar nature of water. Very recently we reported a preliminary insight into the lipid-DNA interactions through unbiased atomistic MD simulations.
23
In this paper we employ biased atomic-scale molecular dynamics simulations to explore for a rst time the energetic barriers between DNA and phospholipid bilayers. We calculated the potential of mean force that corresponds to the energetic costs of moving DNA from the water phase towards the bilayer interior. Two distinct situations were considered: (i) a zwitterionic (neutral) lipid bilayer and (ii) a bilayer with pre-adsorbed Ca ions, i.e. an effectively cationic lipid bilayer. For the lipid-DNA system with pre-adsorbed calcium we additionally performed unbiased simulations to study the kinetics of DNA adsorption as well as the factors responsible for the stability of the resulting DNA-bilayer complex. Overall, our ndings clearly demonstrate that a zwitterionic lipid bilayer represents an energetic barrier for DNA molecules; this barrier can be overcome through adsorption of divalent cations to the bilayer surface.
Methods
We have performed biased atomic-scale molecular dynamics simulations of two DNA-lipid systems; one of the systems was calcium-free, while another had a lipid bilayer with Ca ions adsorbed on its surface. Both systems consisted of a bilayer of 128 palmitoyl-oleoyl-phosphatidylcholine (POPC) lipids and a Dickerson's DNA dodecamer 24, 25 and were solvated in $10 000 water molecules along with 22 DNA conterions (Na ions).
Atomistic force-elds AMBER Lipid14 (ref. 26 ) and AMBER parmbsc0 (ref. 27 ) were used for POPC lipid molecules and DNA, respectively. Water was represented by the TIP3P model. 28 Standard AMBER parameters were used for monovalent and divalent ions. Simulations were performed at T ¼ 303 K and P ¼ 1 bar with the use of the velocity-rescaling thermostat 29 and the anisotropic Berendsen barostat 30 to control temperature and pressure, respectively. The time step was 2 fs. For the long-range electrostatic interactions the particle-mesh Ewald (PME) method was used. 31 The Gromacs 4.5.6 package was used for all simulations.
32
Umbrella sampling 33 was employed to calculate the potential of mean force (PMF) for partitioning a DNA molecule into a POPC lipid bilayer. Prior actual biased simulations a calcium-free lipid bilayer was pre-equilibrated for 250 ns (system 1 in Table 1 ). The nal structure of the bilayer was used then to perform 400 ns equilibration of a bilayer system with Ca ions (system 3 in Table  1 ). The lipid/calcium ratio in the system was 6.4.
A DNA molecule was placed parallel to the bilayer surface. The pull code supplied with the Gromacs suite 32 was used to obtain starting congurations for subsequent umbrella sampling calculations. A DNA molecule was pulled along the reaction coordinate (the distance between centers of mass of DNA and a lipid bilayer in the direction perpendicular to the bilayer surface) with a velocity of 0.05 nm ns À1 and a force constant of 1000 kJ mol À1 nm À2 . From this steered MD trajectory we extracted 35 windows for the umbrella sampling; the spacing between windows was 0.1 nm (from 1.4 to 4.8 nm along the reaction coordinate). Each window was then equilibrated for 20 ns, followed by a 80 ns production run (the force constant was set to 3000 kJ mol À1 nm À2 ). The potential of mean force was calculated with the use of the weighted histogram analysis method (WHAM) 34 as it is implemented in the Gromacs suite.
35
The overall simulation time of the biased MD simulations amounted to 7 microseconds. For DNA-lipid systems with Ca ions the umbrella sampling calculations were complemented by unbiased molecular dynamics simulations. These simulations were performed for larger systems as compared to those considered in biased simulations. Each system consisted of a bilayer of 288 POPC lipids, a double Dickerson's DNA dodecamer (24 bp), 46 DNA counterions (Na ions) and water molecules (from $15 000 to 24 000 H 2 O). In the same fashion as for smaller systems, the larger bilayers were rst properly equilibrated: a Ca-free bilayer 
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a Systems marked by A and B differ by the initial distance between DNA and the bilayer surface (0.5 and 1.0 nm for systems A and B, respectively).
was simulated for 200 ns, while bilayers with CaCl 2 salt (we considered two different lipid/calcium ratios 6.4 and 13.1) were run for 400 ns each (systems 5-7 in Table 1 ). For unbiased simulations a DNA molecule was placed parallel to the bilayer, the initial distances between DNA and the bilayer surface being either 0.5 or 1.0 nm (the systems marked by A or B, respectively, see Table 1 ). Most simulation conditions stayed unchanged as compared to smaller systems, see above. Simulation times of the four DNA-bilayer systems with calcium ions (two lipid/ calcium ratios by two initial DNA-bilayer distances) ranged from 600 to 1200 ns, amounting to 3.8 microseconds of overall simulated time.
Results and discussion
DNA-lipid bilayer: a barrier
Previously we reported the results of unbiased MD simulations for DNA-phospholipid bilayer systems. 23 In particular, it was shown that DNA did not interact with a lipid bilayer in a series of independent unbiased simulations on a time scale of 100 ns. Although this computational nding is in line with experimental observations, 9,10 unbiased MD simulations cannot serve as an solid proof of the absence of attractive interactions between DNA and a lipid bilayer. For instance, a recent computational study clearly demonstrated that anionic gold nanoparticles were able to attach to the surface of a zwitterionic phospholipid membrane through the interactions between negatively charged groups of a nanoparticle and positively charged choline groups of PC lipids. 36 As a DNA molecule is also anionic, hypothetically it can interact favorably with choline lipid groups as well.
To eliminate (or to conrm) such a scenario, here we employ biased MD simulations to explore the prole of the energetic barrier between DNA and a lipid bilayer. In Fig. 1 (Top) we present the corresponding potential of mean force evaluated through the umbrella sampling calculations. The reaction coordinate z is the distance between centers of mass of DNA and a lipid bilayer. When a highly charged object such as DNA approaches the hydrophobic core of a bilayer, one would expect an abrupt increase in the free energy. This is indeed the case as is evident from Fig. 1 : the energetic cost for DNA to be located in the membrane as deep as the position of phosphate groups amounts to $130 kJ mol À1 . A non-trivial part of the free energy prole is on the right-hand side from the average position of lipids' phosphate groups. It is clearly seen that there is a gradual growth of the energetic barrier between DNA and a lipid bilayer when DNA approaches the lipid/water interface from aqueous solution. The absence of any local minima in the PMF prole implies that attractive DNA-lipid interactions are indeed absent. Note that in our simulations the overall charge of DNA stays unchanged upon embedding DNA into the bilayer. Strictly speaking, the protonation state of DNA could change in line with recent ndings reported for amino acids. 37 Such DNA protonation should decrease the height of an energetic barrier in the hydrophobic core of a lipid bilayer. 38 However, a smaller DNA charge also weakens possible attractive interactions between DNA and lipid head groups, so that the shape of the PMF curve ( Fig. 1 (Top) ) will hold. Thus, our PMF calculations demonstrate that DNA molecules do not interact favorably with zwitterionic lipid bilayers. In other words, a zwitterionic phospholipid bilayer represents an energetic barrier for DNA molecules.
Lipid-calcium system
As mentioned in the Introduction, one of the means to trigger attractive DNA-lipid interactions is to add divalent cations to the bilayer system. In this section we explore the impact of calcium ions on the properties of a zwitterionic PC lipid bilayer. To this end, we consider POPC lipid bilayers in aqueous solution with two different lipid/calcium ratios: 13.1 and 6.4 (systems 6 and 7, see Table 1 ). Note that system 3 differs from system 7 only by the size of a bilayer (128 vs. 288 lipids); all ndings for system 7 also hold for system 3. Fig. 2 (Top) visualizes the process of adsorption of calcium ions on the bilayer surface through time evolution of the overall number of contacts between Ca ions and lipid phosphate groups of a lipid monolayer. The number of contacts was calculated in line with our previous studies. 23, 39 As one can see, equilibration is achieved at $200 ns for both lipid/calcium ratios, so that the numbers of contacts of Ca ions with lipid phosphate groups reach their equilibrium values. The adsorption of calcium ions changes the structural properties of the lipid/water interface. As a Ca ion is able to bind to phosphate groups of several lipid molecules, one can observe formation of different types of ion-lipid aggregates. In Fig. 2 (Bottom) we show the number of the Ca-lipid aggregates of different types as a function of time. The majority of the Ca-lipid aggregates constitutes complexes of a Ca ion and 3 lipids, although aggregates "Ca-4 lipids" also contribute and one can witness a dynamic re-distribution of lipids among aggregates of different types. The average number of PC lipids per calcium ion equals 3.2 AE 0.2 (the averaging was performed over last 100 ns of MD simulations of system 6 and over both its monolayers).
Calcium ions that bind to the membrane with formation of tight lipid aggregates induce a decrease in the area for per lipid. The area per lipid equals 0.63 AE 0.01 nm 2 and 0.62 AE 0.01 nm 2 for systems 6 and 7, respectively, while a Ca-free lipid bilayer has the area per lipid of 0.65 AE 0.01 nm 2 (system 5). Furthermore, we observed a considerable re-orientation of lipid head group dipoles towards the water phase due to calcium adsorption. For a Ca-free lipid bilayer the average angle between the lipid PN vector and the outward membrane normal equals 69.3 AE 1.4 degrees. Adding Ca ions decreases the angle to 62.8 AE 1.5 and 58.6 AE 1.6 degrees for systems 6 and 7, respectively. We note that the above characteristics were averaged over last 100 ns of MD trajectories. All the Ca-induced changes in the structure of a POPC bilayer agree well with an earlier computational study.
40
It is essential that all calcium ions were bound to the lipid/ water interface at the end of 400 ns simulations, so that there were no free Ca ions in aqueous solution. Overall, we had 22 and 45 calcium ions adsorbed for systems 6 and 7, respectively. This implies that the POPC bilayers have now a net positive charge of +44e and +90e (systems 6 and 7, respectively). Thus, adding calcium ions to a zwitterionic lipid bilayer makes it positively charged. As we proceed to show in next section, this positive charge will trigger adsorption of DNA to the bilayer surface.
DNA-lipid bilayer: Ca ions as a trigger
To explore the impact of Ca ions on the interactions between DNA and a zwitterionic lipid bilayer, we repeated the umbrella sampling calculations (see Fig. 1 ) for a bilayer with preadsorbed Ca ions (nal conguration of system 3 in Table 1 ). Similar to a larger system 7, in this case all Ca ions adsorbed to the bilayer surface during unbiased 400 ns simulations, amounting to an overall positive bilayer charge of +40e (20 Ca ions adsorbed).
In Fig. 3 (Top) we present the potential of mean force for a DNA molecule that approaches the surface of a lipid bilayer with adsorbed Ca ions from the water phase. Comparison of Fig. 1 (Top) and 3 (Top) provides us with an important conclusion: Ca ions adsorbed on the bilayer surface give rise to the appearance of the minimum in the free energy prole. This minimum is a signature of the electrostatic attraction between DNA and a lipid bilayer. The minimum is located at z ¼ 3 nm, i.e. approximately 1 nm apart from the average positions of lipid phosphate groups and adsorbed Ca ions, see Fig. 3 (we recall that z denotes the distance between the center of masses of DNA and a lipid bilayer). In turn, the diameter of DNA in the canonical B-form is 2 nm. Therefore, based on Fig. 3 , the most energetically favorable position of DNA at the lipid/water interface is such that negatively charged phosphate groups of DNA are in contact with Ca ions adsorbed on the bilayer surface. Furthermore, it turns out that the adsorbed Ca ions reduce the energetic cost for permeating DNA to the average location of lipid phosphate groups to $45 kJ mol À1 , see Fig. 3 (compare to 130 kJ mol À1 for a calcium-free system).
The depth of the observed energy minimum, amounting to $80 kJ mol À1 , is relatively large, see Fig. 3 (Top). This is due to a large number of Ca ions adsorbed at the membrane surface (one calcium ion per approximately 6.4 lipids). Such a number of ions exceeds considerably the physiological level 41 and is chosen to accelerate calculations and to make the observed effects more pronounced. Furthermore, for some nanotechnological applications the concentration of salt ions can deviate signicantly from the biologically relevant one. Apparently, decreasing the number of Ca ions in the systems should decrease the depth of the potential well and correspondingly weaken the electrostatic attraction between DNA and a lipid bilayer. In view of this, Fig. 3 (Top) should be considered mainly as a basis for qualitative conclusions. Thus, Ca ions adsorbed on the surface of a zwitterionic (neutral) phospholipid bilayer trigger attractive interactions between DNA and the bilayer. With this fundamental result at hand, we now can employ unbiased MD simulations to follow the kinetics of formation of a DNA-lipid complex and to study the stability of the resulting supramolecular complex. Overall, we performed unbiased simulations of four DNAbilayer systems with two different content of Ca ions and with two different initial distances between the nuclear acid and the bilayer surface (systems 8-11, see Table 1 ). In all cases we observed a very fast adsorption of a DNA molecule on the surface of a bilayer. In Fig. 4 we show an initial 100 ns domain for time evolution of the distance between centers of mass of DNA and a lipid bilayer along the bilayer normal for all systems considered. It is seen that adsorption of DNA occurs within just 20 ns. Therefore, in line with the PMF prole presented in Fig. 3 (Top), one can witness strong electrostatic attraction between DNA and a lipid bilayer with adsorbed Ca ions. To characterize further the kinetics of DNA adsorption we estimated the number of contacts between DNA and lipid molecules as a function of time. In general, one can think of two different types of DNA-lipid contacts: (i) contacts between choline lipid groups and DNA's phosphate groups, Npc-Pdna, and (ii) calcium-mediated bridges between phosphate groups of lipids and DNA, Ppc-Ca-Pdna. 16, 23 As an illustration, in Fig. 5 (Top) we show the number of both types of contacts as a function of time for system 9. Upon electrostatically driven DNA adsorption, phosphate groups of DNA meet choline lipid groups rst because the choline groups of PC lipids are located closer to the water phase as compared to lipid phosphate groups. Therefore, we witness a steep increase in the number of Npc-Pdna contacts in the very beginning of simulations.
As far as the Ppc-Ca-Pdna contacts are concerned, they can be formed only when DNA embeds deeper into the bilayer andat the same time -if a Ca ion, being bound to a lipid head group, is localized in close vicinity of a DNA's phosphate group. As can be seen in Fig. 5 , this is not the case for rst 120 ns of simulations of system 9. The Ca-mediated bridges appear on a later stage due to lateral diffusion of Ca ions towards an adsorbed DNA molecule. As can be seen in Fig. 5 (Bottom), one has a gradual increase of Ca ions involved in the Ppc-Ca-Pdna bridges with time when more and more ions approach the DNA molecule adsorbed on the bilayer surface. Because this multistep process is diffusion-limited, formation of Ppc-Ca-Pdna contacts is a relatively slow process and can take 800-1000 ns, see Fig. 5 . 35 (Bottom) Component-wise density profiles for a lipid bilayer system. Shown are the densities of POPC lipids (orange), water (blue), lipid phosphate groups (green), and adsorbed calcium ions (red). For clarity's sake the density profile for Ca ions was scaled by a factor of 5. Fig. 4 Time evolution of the distance between centers of mass of DNA and a lipid bilayer along the direction perpendicular to the bilayer surface. Shown are results for systems 8-11, see Table 1 .
In Fig. 6 we further illustrate formation of Ppc-Ca-Pdna bridges due to lateral diffusion of calcium ions (system 9). A series of snapshots clearly demonstrates that Ca ions that are initially far from DNA can diffuse eventually to DNA and to form stable calcium-mediated bridges between phosphate groups of DNA and lipid molecules. We note that upon bridge formation a Ca ion can get inserted underneath a DNA molecule, so that this ion becomes invisible for the top view on a DNA-lipid system, see Fig. 6 .
One of the possible implications of the formation of tight PpcCa-Pdna bridges is that DNA can immobilize some of lipids upon adsorption on the bilayer surface. To verify this hypothesis we evaluated the lateral diffusion coefficient of lipid molecules.
The lateral diffusion coefficient was calculated in line with ref. 39 and 42 . In practice, we split last 100 ns of a MD trajectory into 10 pieces. For each piece we calculated the mean-square displacement (MSD) of a lipid; the diffusion coefficient was then evaluated from the slope of the MSD. To improve accuracy, the diffusion coefficient was calculated separately for every piece of the trajectory, providing thereby an estimation for the error margin.
For a pure POPC lipid bilayer (system 5) the lateral diffusion coefficient was found to be 6.8 AE 0.6 Â 10 À8 cm 2 s À1 . The experimental value 43 for the diffusion coefficient of a POPC bilayer at T ¼ 300 K is 7.8 Â 10 À8 cm 2 s À1 . When Ca ions are added to a POPC bilayer system (system 6) the lateral diffusion coefficient drops to 5.5 AE 0.7 Â 10 À8 cm 2 s À1 in line with nd-ings of an earlier computational study. 40 This is because some of the lipids are now involved in Ca-lipid aggregates and cannot diffuse freely. Finally, for a bilayer-DNA system we rst dene the lipid molecules that are located beneath DNA by projecting a DNA molecule on the bilayer surface. Given that the lateral displacement of lipids on a time scale of 100 ns is relatively small (no more than $0.5 nm), we limit our diffusion coefficient calculations to these selected lipids only. The corresponding value of the lateral diffusion coefficient amounts to 3.8 AE 1 Â 10 À8 cm 2 s À1 . Thus, adsorption of DNA on the bilayer surface almost halves the lateral diffusion coefficient of lipids, leading therefore to a considerable immobilization of lipids.
Conclusions
Interactions of DNA with cell membranes and -more speci-cally -with the phospholipid bilayer matrix lie at the heart of biomedical and nanotechnological applications of DNA and DNA-based nano-structures. Despite enormous recent developments in the eld of DNA nanotechnology, very little is known about the lipid-DNA interactions at a molecular level. In this paper we employ biased molecular dynamics simulations to get an atomic-scale insight into such interactions. To this end, we calculated for a rst time the free energy prole for partitioning a DNA molecule into a phosphatidylcholine lipid bilayer. Our ndings clearly demonstrate that there are no local minima in the energetic prole upon moving DNA from water into the lipid/water interface, so that a zwitterionic lipid bilayer represents a repulsive barrier for DNA. In particular, this eliminates a noticeable contribution of the electrostatic attraction between oppositely charged choline lipid groups and phosphate groups of DNA into DNA-lipid bilayer interactions. As one of the possible approaches to overcome the DNAlipid barrier is to use divalent cations to promote the electrostatic attraction between the lipid bilayer surface and DNA, we repeated our biased computer simulations also for a lipid bilayer with adsorbed calcium ions. We show that in this case the free energy prole is characterized by a deep minimum, so that bilayer-bound calcium ions indeed can serve as a trigger of the electrostatic attraction between DNA and lipids. The position of the minimum (which also denes the most probable location of DNA within lipid/water interface) corresponds to a DNA molecule those phosphate groups are in contact with adsorbed Ca ions and -via the ions -with lipid phosphate groups. Additional unbiased simulations of DNA and lipid bilayers with adsorbed Ca ions show interesting features of the kinetics of the DNA adsorption and the equilibrium structure of resulting DNA-lipid complexes. In particular, while the initial binding of DNA is driven by an overall positive charge of the bilayer, the DNA molecule on the bilayer is stabilized by Ca ions that diffuse along with lipids towards DNA and form tight bridges between phosphate groups of DNA and lipids. We also demonstrate that DNA adsorbed on the bilayer surface drastically decreases the mobility of nearby lipid molecules. Overall, our computational results contribute to a long-standing problem of interactions of charged nano-objects (including DNA and DNA-based nanodevices) with cell membranes.
